Protection of the human lung from infectious agents, allergens, and ultrafine particles is 27 difficult with current technologies. HEPA filters remove airborne particles >0.3 µm with 28 99.97% efficiency, but are expensive to maintain. Electrostatic precipitation has been 29 used as an inexpensive approach to remove large particles from airflows, but has a 30 collection efficiency minimum in the sub-micrometer size range allowing for a 31 penetration window for some allergens and ultrafine particles. 
INTRODUCTION 47
The simple, involuntary act of breathing constantly exposes the human respiratory system 48 to a host of biological and non-biological particles capable of causing diseases that range 49 from microbial respiratory infections to allergic reactions that may exacerbate underlying 50 asthmatic conditions. Aerosol transmission has been implicated to varying degrees in a 51
number of viral and bacterial infections, including smallpox (35), influenza (37), 52 tuberculosis (20), and anthrax (13). Asthma, a chronic respiratory disease that can be 53 triggered by inhalation exposure to diesel soot as well as allergens such as fungal spores, 54 pollen, and pet dander, ranked in 2006 as the fifth-most costly health care expenditure in 55 the U.S. at $51.3 billion (36). Considering that citizens of developed nations normally 56 spend 87% of their time indoors (7, 21), properly maintaining indoor air-quality is clearly 57 an absolute necessity for the protection of public health. 58
59
The capture of aerosol particles by filtration is the most common method for air cleaning. 60 10 various potential differences (ie., applied voltages ranging from -10kV to +10kV) were 196 formed across the discharge and collecting electrodes with and without soft X-ray 197
irradiation. 198
Particle collection efficiencies. A suspension containing 100 µL each of 50 nm, 100 nm, 199 and 200 nm polystyrene latex (PSL) particles (Ladd Research, Williston, VT) in 9.7 mL 200 DI water (giving concentrations of ~2.9x10 13 , ~3.7x10 12 , and ~4.6x10 11 particles/mL, 201 respectively) was aerosolized in a bioaerosol nebulizing generator and delivered at 1.5 202 lpm to the ESP system which was operated under negative applied potentials (-4, -5, -6, 203
and -7kV) and positive applied potentials (+4, +5, +6, and +7kV) with and without soft 204 X-ray irradiation. Size-specific particle collection efficiencies of the ESP system were 205 determined using a scanning mobility particle sizer (SMPS) to sample the outlet of the 206 ESP. Particle collection efficiency, E dp (%), was defined as: 207 where N dp,AV,X is the number concentration (cm -3 ) of particles with diameter dp at the 209 outlet of the ESP for a given applied voltage (AV) and X-ray setting (ON or OFF) and 210 N dp,baseline is the number concentration (cm -3 ) of particles with diameter dp at the outlet of 211 the ESP at 0 kV applied voltage and X-ray turned OFF. exposure system (14), respectively. The biological aerosol generated by the BANG unit 220 was delivered at 1.5 lpm to the inlet of the soft x-ray enhanced ESP. Following 221 electrostatic treatment in the ESP, the air stream was then sent to a nose-only inhalation 222 exposure system (NOIES) (CH Technologies (USA), Inc., Westwood, NJ), which was 223 comprised of a series of 12-port stackable manifolds, allowing simultaneous aerosol 224 exposure to multiple mice. The BANG, ESP, and NOIES were connected in series using 225 3/8" I.D. flexible Tygon® tubing. The exhaust of the NOIES was sampled in its entirety 226 using an AGI-4 impinger (Ace Glass Inc., Vineland, NJ) containing 20 mL DMEM (for 227 ECTV) or 20 mL PBS (for BCG and B. anthracis) at the manufacturer's recommended 228 flowrate of 5 lpm. ECTV, BCG, and B. anthracis exposures were 15 min in duration. 229
All aspects of the microbial challenge experiments, including aerosolization, electrostatic 230 treatment in the ESP, nose-only exposure, and effluent sampling were conducted inside a 231 BSL2 safety cabinet. The collection electrode was wiped with Spor-Klenz (Steris Life 232 Sciences, Menton, OH) after each trial and the system was flushed with clean, dry air for 233 5-10 min preceding the next trial. Air samples (blanks) were collected following the 234 decontamination process on random occasions to assess carryover contamination, 235 accounting for ~5% of all samples. 236 ECTV. The ECTV aerosol was generated from a suspension of ECTV in DMEM media 237 at an initial titer of 5.5x10 6 pfu/ml. The applied voltage regime of -5.25 to -5.75 kV was 238 investigated because of the very low-intensity corona determined to result during soft X-239 ray irradiation at this setting. Two high-intensity corona conditions (-8 kV; X-ray OFF 240 and ON), in addition to positive and negative controls, were included for comparison. 241
on October 16, 2017 by guest http://aem.asm.org/ Downloaded from 12 BCG. The BCG aerosol was generated from a suspension of BCG diluted in PBS + 242 0.04% Tween 80 to an initial titer of 2.4x10 7 CFU/ml. C57BL/6 mice were divided into 243 six groups, including positive and negative controls, to investigate a low-intensity corona 244 (-6 kV) and a high-intensity corona (-10 kV) condition with and without soft x-ray 245 irradiation. At t=1 h post-exposure, whole lungs were extricated, homogenized, and 246 plated in serial dilutions on sealed oleate-albumin-dextrose-catalase-enriched 247 Middlebrook 7H10 agar plates from n=5 animals to assess initial lung burden in the mice. 
RESULTS 306
Determination of corona inception voltage and other system characteristics of the 307 soft X-ray enhanced electrostatic precipitator. At the baseline condition of 0 kV 308 applied voltage (X-ray OFF), a broad distribution of particle sizes was obtained which 309 peaked at approximately 3.0x10 5 particles cm -3 at a diameter of 75 nm. The increase in 310 corona current and precipitous drop in outlet particle number concentration was evidence 311 of corona inception at approximately -6 kV applied voltage (X-ray OFF) (Fig. 1A) . would be expected in the X-ray ON condition (Fig. 1A) . 316
317
Ozone production was evaluated as a function of applied voltage in the presence and 318 absence of soft X-ray. In general, ozone concentration increased as corona intensity 319 increased at the outlet of the ESP (Fig. 1B) . Trace levels of ozone were first detectable at 320 applied voltages corresponding to corona initiation (Fig. 1A) and increased as the 321 magnitude of applied voltage increased. Peak ozone concentrations occurred at the 322 highest-intensity corona conditions, with ozone levels reaching 156 ppm at -10 kV, which 323 was more than six-times higher than at the corresponding positive applied potential (+10 324 kV). No appreciable difference in ozone concentration was observed with and without 325 soft X-ray irradiation. To quantify size-specific particle collection efficiencies, a suspension of PSL particles 328 was aerosolized and challenged to the ESP system. We observed a collection efficiency 329 minimum in the 200-600 nm size range without soft X-ray irradiation ( Figs. 2A and B) . 330
Incorporation of in-situ soft X-ray irradiation enhanced the capture efficiency of PSL 331 particles in this size regime for both negative and positive applied potential conditions 332 ( Figs. 2A and B) . Capture efficiency was increased two-fold to nine-fold depending on 333 the magnitude of the applied voltage. Below 200 nm, particles are collected with near 334 100% efficiency without the aid of in-situ soft X-ray irradiation due to highly efficient 335 diffusion charging of these particles. Overall, particle collection efficiency was generally 336
higher for negative applied voltages compared to the same positive magnitude. 337 338 Soft X-ray enhanced electrostatic precipitation protects against viral aerosol 339 infection. To investigate conditions where soft X-ray irradiation was most likely to have 340 the greatest contribution to particle removal, we focused on two applied voltages (-5.25 341 kV and -5.75 kV) where soft X-ray irradiation actually initiated a very low-intensity 342 corona (Fig. 1A) . Because ECTV infection is lethal for A/J mice, mortality was used as a 343 biological indicator of ESP system performance. Mortality as a function of day post-344 exposure is plotted in Fig. 3A . The two X-ray OFF cohorts (-5.25 kV and -5.75 kV 345 applied voltage) exhibited 100% mortality by 11 and 15 days post-exposure, respectively. 346
The mortality rates in these two groups essentially followed that of the positive control 347 group, which was exposed to the aerosolized ECTV agent with no electrostatic treatment. 348
Not surprisingly, similar weight loss trends were also observed for these three groups, 349 with nearly 20% loss in body weight precipitating death (data not shown). challenge, no appreciable difference in weight change was observed between the negative 394 control, positive control, and both of the low-intensity (-6 kV) corona groups (Fig. 4A) . respectively in the bronchoalveolar lavage fluid (Fig. 5A and D) . applied to the system was set to the mid-and low-intensity corona conditions (-8kV and -420 6kV), the resulting eosinophil frequencies in the BAL reflected that of the negative 421 control where no OVA was inhaled (Fig. 5A) . A further decrease in the applied potential 422 to -4 kV (ie., no corona) resulted in a measurable increase in the eosinophil population in 423 the BAL, indicating OVA penetration through the ESP system with subsequent 424 downstream inhalation in the exposure chamber. This increase in eosinophil frequency at 425 -4 kV was diminished under soft X-ray irradiation (although not statistically significantly 426 different) indicating some degree of enhanced charging and particle removal was taking 427 place. No other condition exhibited any effect of soft X-ray irradiation. No positive 428 applied potential conditions exhibited elevated eosinophil frequencies (Fig. 5B) influx of eosinophils was observed at the high corona intensity -10kV condition (Fig. 5A)  436 and (ii.) the primary cell population in the BAL were neutrophils not eosinophils (Fig. 5D  437 and E compared to Fig. 5A and B) . In an effort to control for these confounding effects, 438 additional exposure experiments were conducted at ±10kV applied voltage (X-ray OFF 439 and ON) using an aerosol generated from DI water devoid of OVA particles. Small 440 statistical differences in eosinophil frequencies were found at -10 kV OFF and +10 kV 441
OFF conditions compared to their respective "NO OVA" condition (Fig. 5C) in-situ soft X-ray irradiation at low-intensity corona conditions. The pathogenesis of 500 ECTV infection is a series of viral replication and dissemination events that eventually 501 lead to systemic infection (2, 8). With fewer ECTV virions delivered to the lungs at the -502 5.25 and -5.75 kV applied voltage conditions with in-situ soft X-ray irradiation, the 503 kinetics of viral replication at the site of infection followed by spread to the regional 504 lymph nodes, bloodstream, and organs such as the spleen and liver would be slowed, 505 thereby accounting for the observed decrease in mortality and overall delay in the mean 506 day of death (Fig. 3A) . 507
508
With asthma rates on the rise and inhalation of an assortment of allergens acting, in part, 509
as an asthma trigger, we wanted to test the ability of the soft X-ray corona system to 510 reduce the concentration of airborne allergens. To do so, ovalbumin protein was 511 aerosolized from a liquid suspension (ie., the same nebulizer as in the microbial 512 exposures) which would most closely represent a high relative humidity environment. 513
Busse and Lemanske (3), in their detailed review of the immunology of asthma, explain 514 that the challenge of the airway with allergen increases the local concentration of IL-5, 515 which correlates directly with the degree of airway eosinophilia. Eosinophil frequency in 516 the BAL fluid (attributable to OVA allergen exposure) was reduced in this study prior to 517 the onset of a corona (Fig. 5A) with the aid of in-situ soft X-rays irradiation, another 518 example of soft X-rays enhancing the charging and collection efficiency of sub-519 micrometer particles which subsequently led to lower exposure doses. The BCG, B. anthracis spores, and a segment of the ECTV and OVA particle 521 distributions were larger than the targeted size regime for soft X-ray enhanced charging, 522 and consequently, little effect was observed with the addition of soft X-ray irradiation. 523
As demonstrated in the PSL experiments, the bioaerosol nebulizer used in this study 524
generates an aerosol with a distribution of particle sizes meaning that the particles 525 entering the ESP are often different (ie., larger) than the native-state size of the biological 526 particles. Relative humidity, drying time, buffer salt concentration, and in-flight 527 agglomeration all play a role in dictating the overall size distribution. Particles the size of 528 bacteria and bacterial endospores, which typically have diameters on the order of 1-2 µm, 529 are very efficiently charged in the ESP without the need for X-ray enhancement. For 530 these particles, a mechanism known as field charging, which is governed by the geometry 531 and operational conditions of the ESP, is suitable for this task. Despite falling outside the 532 targeted size regime of soft X-ray enhanced charging, BCG and B. anthracis were 533 included in the exposure study to lend credence to the assertion that the soft X-ray ESP 534 system is capable of removing biological particles across all size regimes. 535 536 Overall, the contribution of soft X-ray irradiation was also less evident as corona 537 intensity increased due to the overwhelming effects of ions generated by the corona itself. Confounding effects of ozone generation. The soft X-ray corona system through which 545 these particles are travelling produces a localized plasma, or region of ionized gas, in the 546 immediate vicinity surrounding the stainless steel wire (or discharge electrode). These 547 ions then attach to or interact with gas molecules generating reactive species (18), 548
including O 3 and various radicals. In addition to charging the biological agents and 549 removing them in the electrical field, the ions and O 3 in the system may act as both a 550 bactericide and viricide as the ability of O 3 to inactivate microbes is well-established. 551
The amount of viral inactivation occurring in an ESP has been reported for 552 bacteriophages (24). Additionally, studies investigating the effect of reactive species 553 (excluding O 3 ) from a corona discharge on dust mite and cat allergens have shown that 554 these allergens, which differ structurally for one another, can be destroyed by exposure to 555 the corona discharge products (10, 11). Similar results were obtained with Japanese 556 cedar pollen (23). 557
558
Aside from the effluent ozone concentrations reported (Fig. 1B) , three pieces of evidence 559 in this study attest to the 'reactive' nature within the ESP. First, in the ECTV challenge, 560 only two of the four low-intensity corona conditions (-5.25 kV OFF and -5.75 OFF) had 561 impinger samples that tested positive for viable ECTV, whereas mice succumbed to 562 infection and either died or seroconverted in all four of these conditions. One could 563 argue that infectious ECTV particles were present in the NOIES, but were inactivated 564 downstream during the aerosol sampling process. The 15-min sampling period may have 565 provided additional time for reactive species generated in the ESP to contact the ECTV 566 on October 16, 2017 by guest http://aem.asm.org/ Downloaded from 27 virions. Alternatively, sufficient virus was present in the NOIES to infect, but just not at 567 detectable levels for the infectivity plaque assay. Secondly, mice in all high-intensity 568 corona exposure groups (ie., -10 kV) experienced considerable weight loss in the first 569 few days post-exposure, despite showing no indication of infection. Lastly, AAD 570 symptoms such as influxes in neutrophils and increases in IL-5 cytokine levels were 571 present in mice exposed to a mock aerosol devoid of any OVA particles that had been 572 electrostatically treated at high-intensity corona conditions (Fig. 5C and F) . for Occupational Health and Safety recommended ozone exposure limit for humans is 0.1 581 ppm (4). When operated under positive applied potentials, however, O 3 production was 582 considerably minimized while still maintaining efficient collection of all particle types. 583 A downstream ozone absorber, such as granular activated carbon, could be incorporated 584 into the instrument design to meet this ozone exposure threshold. 585 586 In summary, HEPA performance specifications require removal of airborne particles >0.3 587 µm with 99.97% efficiency, which as a target, was met and exceeded by the soft X-ray 588 corona system. As a control device, the soft X-ray corona system is well-suited for 589 
